In this study spanwise correlation measurements and smoke flow visualization were performed on vortex shedding behind a normal plate. For Reynolds numbers in a range between 1800 and 27 000, the hot-wire signals measured were analysed by a wavelet transformation, from which the instantaneous properties of vortex shedding were obtained and examined. Results show that the phase difference of vortex shedding detected at two spanwise locations, separated by twice the characteristic length, can be as high as 35
In this study spanwise correlation measurements and smoke flow visualization were performed on vortex shedding behind a normal plate. For Reynolds numbers in a range between 1800 and 27 000, the hot-wire signals measured were analysed by a wavelet transformation, from which the instantaneous properties of vortex shedding were obtained and examined. Results show that the phase difference of vortex shedding detected at two spanwise locations, separated by twice the characteristic length, can be as high as 35
• . A correlation analysis further shows that large spanwise phase differences occur when small fluctuating amplitudes in the vortex shedding signals are measured. Smoke-wire visualization performed at Reynolds number 1800 indicates that the formation of shedding vortex can be divided into two distinct situations, namely, one featuring a long formation region, called Mode L; and the other featuring a short formation region, called Mode S. In Mode S, the three-dimensionality of vortex formation appears to be very pronounced, and the secondary vortices are clearly present in the separated shear layer. The events of Mode S occupy less than 5% of the total time measured, and are called the burst events in this study.
Introduction
Some early observations concerning the low-frequency behaviour of vortex shedding behind a bluff body can be found in Roshko (1954) , Tritton (1959) , Bloor (1964) , Gerrard (1967) and Hanson & Richardson (1968) . Since then, this flow behaviour has attracted quite a number of studies. The low-frequency variations measured in the vortex shedding signals were often attributed to the three-dimensionality of flow. Studies on the three-dimensional characteristics of vortex shedding behind a twodimensional bluff body can be traced to the early work by Grant (1958) . The flow visualization results provided by Wei & Smith (1986) , Cimbala, Nagib & Roshko (1998) , Williamson (1988) , Bays-Muchmore & Ahmed (1993) and Wu et al. (1994) clearly showed the presence of streamwise vortices, called the secondary vortices, in the near-wake region behind a circular cylinder. The secondary vortices were recognized as an important feature of the three-dimensionality of vortex shedding. Roshko (1993) attributed the three-dimensionality of wake flows to extrinsic and intrinsic effects. One of the extrinsic effects is the aspect ratio of a bluff body (Graham 1969; Fox & West 1990; Szepessy & Bearman 1992; Norberg 1994) . Discussions on the arrangement of end plates can be found in Stansby (1974) , Gerich & Eckelmann (1982) and Stäger & Eckelmann (1991) . The extrinsic effect can also be due to the structural characteristics of the bluff body (Gaster 1969; Van Atta & Gharib 1987; Lewis & Gharib 1992; Bearman & Tombazis 1993) . Low-frequency modulations in vortex shedding were noted in studies with axisymmetric models, for instance a sphere by Taneda (1978) , a circular disk by Berger, Scholz & Schumm (1990) , and an elliptic disk by Kiya & Abe (1999) . On the other hand, the intrinsic characteristics of threedimensionality are seen in the experimental results of Williamson (1992 Williamson ( , 1996 , Yang, Mansy & Williams (1993) and Blackburn & Melbourne (1996) , and the numerical results of Henderson (1997) and Najjar & Balachandar (1998) . Lisoski (1993) further showed that in reality both the intrinsic and extrinsic effects can be present in a wake flow.
In the previous studies on low-frequency modulations embedded in the vortex shedding process, the instantaneous behaviour of vortex shedding was also of interest. Gerrard (1966) found that in the stable range of vortex shedding (Reynolds number Re = 85), the modulations in the hot-wire signals measured downstream of a circular cylinder were directly related to the differences of the vortex shedding frequencies measured at different time instants, and also to the flapping of the wake. In the transition range (Re = 235), the relation found at Re = 85, that the maximum amplitude in the signals measured was coupled with the minimum period of vortex shedding, was approximately correct. In the turbulent range (Re = 20 000), no evidence is available concerning the flapping of the wake, or the correlation between modulations of the signal amplitude and the shedding periods. Analysing the signals measured by flushmounted thermal films on a circular cylinder at Reynolds numbers from 20 000 to 40 000, Blevins (1985) pointed out that the vortex shedding process was a series of coherent strings of events whose frequencies wandered by 1%-2% about the nominal vortex shedding frequency. He noticed a tendency that the larger the amplitude, the lower the vortex shedding frequency. Norberg (1989) presented a probability density distribution of the vortex-shedding frequencies obtained from his measurements. He noted that the signal bursts featuring larger fluctuating amplitudes were associated with shedding frequencies lower than the mean value. Unfortunately, the reports mentioned above were not able to resolve the vortex shedding frequency to a local time, thus the variations of vortex shedding frequency could not be described in a quantitative manner.
Recently, the present authors (Miau et al. 2004) have made an attempt, employing a wavelet transformation, to obtain the vortex shedding frequency from the hot-wire signals measured in the near-wake region behind a normal plate. This analysis showed that the instantaneous vortex shedding frequencies obtained were in good correlation with the low-frequency modulations in the signals. This finding lends support to an earlier observation that the low-frequency modulations in vortex shedding are linked closely with the unsteady variations of the vortex formation length in the near-wake region (Miau et al. 1999) . To explore the link between low-frequency modulations and three-dimensionality in vortex shedding, Miau et al. (2003) detected the spanwise motions of flow in a separated shear layer using a split-fibre probe. The characteristics of the low-frequency component embedded in the spanwise motions were found to be similar to those in the streamwise velocity fluctuations measured by a normal hot wire.
Based on the previous findings (Miau et al. 2003 (Miau et al. , 2004 , the present work is aimed at examining the vortex shedding characteristics at different spanwise locations, in order to gain a better understanding of the unsteady, three-dimensional behaviour of flow in the near-wake region. Of particular interest are the instantaneous characteristics of vortex shedding along the spanwise direction, based on the quantities obtained by a wavelet analysis.
Experimental methods
A closed-return low-speed wind tunnel was employed for the present study. The test section was 150 mm by 150 mm in cross-section. A pitot tube was mounted at the entrance of the test section to monitor the free-stream velocity, called U 0 . Turbulence intensity measured at the centreline of the test section was about 0.7% of U 0 , for U 0 between 2 and 20 ms −1 . Efforts were made to confirm that no extraneous fluctuating components were present in the free-stream flow. The non-uniformity of the mean flow distribution in the test section, excluding the boundary-layer regions along the walls, was verified to be within ±0.5%.
Referring to figure 1, a normal plate of trapezoidal cross-section was employed as the bluff body for the present study. Its maximum width facing the incoming flow was 32 mm, denoted as D. Based on D, the geometrical blockage ratio due to the bluff plate spanning between the sidewalls of the test section is about 21%, and the aspect ratio of the normal plate is 4.7. The Reynolds number, Re, based on D and U 0 , was fixed at 1.8 × 10 3 for the smoke-wire flow visualization experiment, and varied in a range between 1.8 × 10 3 and 2.7 × 10 4 during the hot-wire velocity measurements. It is noted that the present bluff configuration of high blockage and low aspect ratio is not ideal as a two-dimensional model for experiments. As the geometrical characteristics of the bluff body could influence the three-dimensionality of vortex shedding structures (Roshko 1993; Norberg 1994) , care should be taken when applying the present results to other flow configurations. In view of this, the differences in the characteristics of low-frequency modulations and three-dimensionality of vortex shedding seen in the present flow and other wake flow configurations would be of interest. Figure 1 presents a cross-sectional view of the normal plate at the mid-span, and the coordinate system employed for the present study is indicated. X denotes the streamwise axis pointing downstream, with X = 0 at 6.5 mm downstream of the frontal face of the normal plate. Y denotes the vertical axis, with Y = 0 located at the centreline of the test section. Z denotes the spanwise axis, with Z = 0 located at the mid-span of the model.
In this study, single normal hot-wire probes, Dantec 55P11, were employed to sense the velocity fluctuations in the free stream. In addition, a smoke-wire flow visualization technique was employed to obtain the images of flow in the near-wake region, with a smoke wire orientated in the Y -or Z-direction upstream of the bluff plate. Hence, a top or side view of the separated shear layer originated from the normal plate could be examined.
Wavelet analysis
Wavelet transformation (WT) was employed in this study to obtain instantaneous information on vortex shedding from the raw hot-wire signals. The principle of WT is briefly described below. WT of a signal trace g(t) with respect to a wavelet function ψ(t) is defined by a convolution integral (Grossman & Morlet 1984) : where a denotes the scale, b denotes the translation, and ψ * is the complex conjugate of ψ. For ψ in (1), a continuous Morlet wavelet in the following form was adopted:
where the parameter k ψ was taken to be 6.0 to satisfy the admissibility condition (Farge 1992) . The selection of this Morlet wavelet was based on the following considerations: (a) to yield the most detailed multi-scale structure of the velocity fluctuations (Ishikawa et al. 1996) , and (b) to give a satisfactory performance for the present signals measured (Hamdan et al. 1996) . After the wavelet function, ψ, and the associated parameters had been determined, the computation according to (1) could be carried out. The wavelet coefficient W (a, b) in (1) can be analytically transformed into W (f, t) (Torrence & Compo 1998) , where f and t are the frequency and time, respectively, associated with the signals analysed. Thus, the wavelet analysis is capable of providing information on a frequency component at a given time instant of the signals analysed.
For the present purpose, the vortex-shedding frequency at a given time instant and its amplitude and phase are obtainable by WT. Referring to Carmona, Hwang & Torrésani (1997) , the vortex shedding frequency can be determined as the peak among all the moduli of the wavelet coefficients. This process is further explained below.
(a) Find f max at a time instant, t, for which the modulus |W (f max , t)| is the maximum among all the moduli of the frequency components obtained.
(b) Apply (a) to all the sampled time instants, and combine {f max , t} pairs to compose the vortex shedding frequency f w (t) as a function of t.
The modulus associated with f w (t) is denoted as A w (t), and called the amplitude of the vortex shedding frequency:
For any frequency f at a given instant t, its phase θ(f, t) can be further defined as
where Re and Im denote the real and imaginary parts of W (f, t), respectively. Consequently, following (4) a phase function corresponding to f w (t), called θ(f w , t), can be defined. Similarly, a phase function corresponding to the frequency f s , denoting the time-mean vortex-shedding frequency, can also be defined, called θ(f s , t). Figure 2 (a) presents the phase functions θ(f w , t) and θ(f s , t) obtained from a segment of the raw signals obtained at Re = 1800. Figure 2( b) indicates the difference between these two functions, which appears to be limited to a range of ±3
• . These differences are rather small compared to the spanwise phase variations which will be shown later. The phase information obtained will be of use later to examine the phase difference of vortex shedding at different spanwise locations, an indication of the degree of three-dimensionality of the flow. In the following, the phase function θ(f w , t) will be used for analysis. Table 1 lists the parameters of the present wavelet transformation for all the Reynolds numbers studied. As seen, the sampling rate and time length of the hot-wire data taken were varied with the Reynolds number. The frequency resolution in the neighbourhood of f s was varied with the Reynolds number as well. For the hotwire measurements at a point, usually 30 sets of data were gathered, from which an uncertainty analysis could be carried out along with the mean value reduced (Bendat & Piersol 1991) . 
Results and discussion
4.1. Results of smoke-wire visualization Figures 3(a) and 3(b) present two sets of smoke-wire visualization images obtained from the top-view of the separated shear layer originating from the normal plate, for a spanwise region of Z = ±D. The two sets of images were taken with reference to two arbitrary instants t a and t b , respectively. The time instant corresponding to each of the images taken is indicated in the upper right corner. Note that the images shown in figure 3 (a) span a time length of about 2T s , where T s denotes the mean vortex shedding period. In general, these images reveal the unevenness of roll-up of the separated shear layer along the spanwise direction. As a rough estimate from the appearances of the smoke streaks, the spanwise variations can be as large as 0.5D, or up to 30
• inclination with respect to the spanwise axis. Gerrard (1966) obtained the inclination angle of the vortex lines from oscillograms, and found that the inclinations varied within ±15
• about the spanwise axis. In addition, Gerrard (1966) review of the inclined angles of the vortex lines reported in the literature, and found that they fall in a range between 5
• and 30
• . Another striking phenomenon revealed in figure 3(a, b) is that at some instants secondary vortices, mostly in the form of horse-shoe vortices, developed in the separated shear layer. In particular, the images in figure 3(b) highlight the presence of mushroom-shaped structures in the streamwise region of X/D = 1 to 1.5. These look very similar to the secondary streamwise eddies reported by Wei & Smith (1986) , who conducted the hydrogen bubble visualization experiments at Reynolds numbers ranging from 1000 to 4350. Also, Wu et al. (1994) conducted flow visualization experiments at Reynolds numbers between 50 and 1800, and pointed out that the formation of streamwise vortices is the main feature of the three-dimensional structure of the wake behind the bluff cylinder. The images in figure 3(b) indicate that the secondary vortices developed in the separated shear layer occur randomly in space and are inclined at various angles with respect to the spanwise axis. From these images, a rough estimate of the length scale of a pair of secondary vortices gives the value of D, and the cross-sectional size of a secondary vortex ranges between 0.2D and 0.5D. Concerning the characteristic size of the secondary vortices in the separated shear layer associated with vortex formation, table 2 contains a survey of the previous findings. Interestingly, these findings consistently indicate that the size is comparable to the characteristic length of the bluff body.
The images in figure 3(c) show the unsteady appearance of the separated shear layer in the near-wake region from a side view, which are reproduced from Miau et al. (2004) . An interesting feature revealed is that the size of the vortex formation region is varying with time, seen from a comparison of the images corresponding to the time periods I and II. The vortex formation region here refers to the maximum extent to which a separation vortex can grow before shedding. This statement is somewhat different from that normally given in the literature, which is the extent of vortex formation in the time-mean sense (Szepessy & Bearman 1992; Miau et al. 1999) . With the smoke-wire visualization images shown, the size of the vortex formation region can be estimated qualitatively. Within period I, the streamwise extent of the vortex formation region is estimated to be slightly larger than 2D. Note that in each of the images, the spacing between two neighbouring white dots in the near-wake region is 0.5D. On the other hand, within period II the streamwise extent of the vortex formation region is estimated to be about 1D-1.5D. Referring to the raw hot-wire signals, included for reference, one sees that the fluctuating amplitude of the velocity signals within period I appears to be substantially larger than that within period II. For a quantitative investigation of the relation between the instantaneous characteristics of the velocity signals and the unsteadiness of the vortex formation region, refer to Miau et al. (2004) .
4.2. Time-mean spanwise correlation For spanwise correlation measurements, three normal hot wires, S1, S2 and S3, were aligned in the spanwise direction, evenly separated distance D apart. The hot wire S2 was always situated in the plane of Z/D = 0, at one of the points indicated in figure 1, whereas S1 and S3 were situated in the regions Z/D < 0 and Z/D > 0, respectively. Thus, the spanwise separation, Z, of any two of the three hot wires can be either D or 2D. These spanwise separations were chosen to match the length scale of the secondary vortices, found from the preceding smoke flow visualization and table 2. Velocity measurements were mainly performed outside the wake shear layer. Referring to figure 1, the locations P3-P9, in the plane of Z = 0, indicate where the velocity measurements were performed and will be reported later in the paper. Also included in the figure are the streamwise velocity and velocity-fluctuation intensity profiles obtained at X/D = 1, revealing that the point P3 is located in the free stream, whereas the point P2 is located at the edge of the separated shear layer. As these velocity measurements were made with a normal hot-wire probe, the data in the neighbourhood of the point P1 should be considered for qualitative reference only, since reversed flow could possibly take place. Figure 4 presents the sampled signal traces of the three hot wires, with S2 located at (X/D, Y/D, Z/D) = (0.5, 1.25, 0). A quick glance easily identifies low-frequency amplitude modulations in all the three signal traces, and appear to be in phase, roughly speaking. Thus, one can say that low-frequency modulations existing in the near-wake region are of global nature (Miau et al. 1999) .
A close look at figure 4, reveals that the amplitude and phase of velocity fluctuations at three spanwise locations do not perfectly coincide. These differences can be further revealed by a correlation analysis. Figure 5 shows the cross-correlation coefficients of the hot-wire traces S1 and S2 (abbreviated as S1-S2), and S1 and S3 (abbreviated as S1-S3), at zero time lag, for Re between 1800 and 27 000. The solid symbols in figure 5 denote the cross-correlation coefficients of S1-S2, where Z was D, and the open symbols corresponding to the correlation coefficients of S1-S3, where Z was 2D. Since the hot wires were located outside the shear layer, the velocity fluctuations measured are essentially due to the potential fluctuations associated with vortex shedding. At Re = 1800, the correlation coefficient values of S1-S2 and S1-S3 are 0.93 and 0.85, respectively, signifying that the spanwise coherence of vortex shedding structures is very pronounced. At Re = 27 000, the values of S1-S2 and S1-S3 are reduced somewhat, i.e. to 0.82 and 0.74, respectively. In the range of Reynolds numbers studied, the cross-correlation coefficients obtained decrease as the Reynolds numbers increase. The trend can be fitted by the dashed lines in figure 5 , which implies that the three-dimensionality of the flow becomes more pronounced as the Reynolds number increases. The same statement was made by Wang (2000) , concluded from dye visualization of the wake flow behind a normal plate in a water channel, for Reynolds numbers in a range of 1220 to 5670. The correlation coefficients shown in figure 5 are higher than the values reported by Toebes (1969) and Szepessy (1994) , whose experiments were performed with circular cylinders. Szepessy (1994) showed that the spanwise correlation coefficients of pressure measurements made at the circumferential angle 90
• of a circular cylinder were about 0.8 and 0.6 for Z = D and 2D, respectively. Toebes (1969) reported smaller values of 0.7 and 0.5, according to hot-wire measurements made in a wake flow. The discrepancies between the coefficient values obtained in the present study and given by these two references could be due to a number of factors, including Reynolds number, geometry and aspect ratio of the bluff cylinder, and the flow quantities measured. Further discussion on these factors is beyond the present scope. On the other hand, a common feature revealed from the results of these studies is that a significant reduction in the correlation values is noted when the spanwise separation is increased from D to 2D. This could be attributed to the formation of shedding vortices slanted with respect to the spanwise axis, in which the secondary vortices could develop. Given the fact that the secondary vortices take place randomly in space and unsteadily in time in the near-wake region, the level of correlation between two signals would drop considerably due to the increase of spanwise separation. (Szepessy 1994) The increasing of the spanwise separation from D to 2D certainly promotes the possibility of the presence of secondary vortices. 
Correlation between low-frequency modulations and instantaneous vortex shedding frequency
The results of the present wavelet analysis of the measured hot-wire signals give the desired values of the vortex shedding frequency, f w (t), and the associated amplitude, A w (t). In the following, f w (t) and A w (t) obtained at different spanwise locations will be examined with a correlation analysis. First of all, figure 6 presents the spanwise correlation coefficients of A w (t) of S1-S2, and S1-S3, with S2 located at (X/D, Y/D, Z/D) = (0.5, 1.25, 0), for the Reynolds numbers studied. Similarly to figure 5, the correlation values of Z = D appear to be higher than those of Z = 2D, and decrease as Re increases. Compared to figure 5, the data in figure 6 indicate that the correlation coefficients are lower in value, and decay with Reynolds number in a more pronounced manner.
Essentially, figure 5 shows the spanwise correlation of total velocity fluctuations, including the components of vortex shedding frequency and low-frequency modulations; whereas figure 6 concerns specifically the spanwise correlation of the latter component. This statement is based on an observation that the quantity A w (t) can represent well the low-frequency modulations in the signals measured. For this, one may also refer to figure 13 below for a comparison of the raw signals and the corresponding A w (t) curve.
A remark on the spanwise correlation of the low-frequency modulations is made below. Referring to Miau et al. (2003) , the spanwise correlation of the low-passed base pressure signals obtained with the same bluff body, at Re = 16 000, gave the coefficient values of 0.38 to 0.34 for Z = 0.5D to 1.5D. In figure 6 , the correlation coefficients of S1-S2 and S1-S3 obtained at Re = 16 000 are 0.57 and 0.48, respectively, which are considerably higher than those in Miau et al. (2003) . This is attributed to the observation that the base pressure signals reported in Miau et al. (2003) , even low-passed, contained more randomly fluctuating components than those of the present hot-wire signals obtained in the free stream. As a result, the low-frequency modulations detected in the present study show higher spanwise correlation values than those associated with the base pressure fluctuations. Figure 7 presents two distributions of spanwise correlation of f w (t) versus the Reynolds numbers studied, for Z = D and 2D, respectively. The hot-wire probes were situated at the same locations as in figure 6 . The distributions in this figure bear a similarity to those of A w (t) in figure 6 . The correlation results have the implication that the vortex shedding frequencies at different spanwise locations are not identical, although they may stay very similar most of the time. For further details, one may refer to figure 13(c) below for a comparison of the f w (t) curves corresponding to the hot-wire signals S1 and S2.
Besides the spanwise correlation measurements described above, more measurements were carried out with the hot wire S2 at other points indicated in figure 1 , and the hot wires S1 and S3 aligned in the spanwise direction. Figure 8 shows the spanwise correlation results of A w (t) obtained at Re = 1800. The most significant correlation is at P5, where the correlation coefficients obtained are about 0.9 and 0.8, for Z = D and 2D, respectively. Since the point P5 is located close to the sharp edge of the normal plate, see figure 1 , the velocity fluctuations measured are sensitive to the flapping motions of the separated shear layer. Also, in each of the plots in figure 8 , the uncertainty interval associated with the mean value at point P5 appears to be the smallest among all the data points shown. Hence, one can say that the spanwise correlation of the low-frequency modulations is very pronounced at the initial development of the separated shear layer. The data in figure 8 consistently show that the level of spanwise correlation of A w (t) decreases downstream, in a streamwise region of X/D = −0.25 to D. This decreasing trend can be fitted by a second-order polynomial, indicated by a dashed line in each of the two plots.
The results of spanwise correlation of f w (t), not shown here, appear to be very similar to those seen in figure 8 (Wu 2003) . 4.4. Results of instantaneous spanwise phase difference According to (4), phase information of the vortex shedding frequency, θ(f w , t), can be obtained. Consequently, the phase difference due to vortex shedding at different spanwise locations can be examined. In figure 9 , an example illustrating the phase difference between the hot-wire signals S1 and S2 is given. The measurements were made with S2 at (X/D, Y/D, Z/D) = (1.0, 1.5, 0). In figure 9(a) , the sampled hot-wire signals S1 and S2, at Re = 27 000, for a time period of 300 ms, are indicated by the solid and dashed lines, respectively. Figure 9 (b) presents the phase functions of θ(f w , t) of the hot-wire signals S1 and S2. The phase differences of these two phase functions are shown in figure 9(c). The θ(t) values varying with time has the implication that the inclination angles of the shedding vortices vary in time, which reflects the nature of the unsteady, three-dimensional wake flow. The θ(t) plot shown also lends support to the unsteady appearance of vortex formation revealed by the smoke flow visualization in figure 3 .
The physical relevance of the quantity of θ(t) deserves some discussion. The θ(t) data shown in figure 9(b) are associated with f w (t) of the hot-wire signals S1 and S2. However, the f w (t) values obtained at these two points usually do not coincide. Thus, the resultant quantity θ(t) in figure 9(c) is somewhat uncertain, physically speaking. Alternatively, one might have considered the spanwise phase differences with reference to a fixed frequency, say f s . Since the instantaneous vortex shedding frequency is of primary interest here, the definition of θ(t) in figure 9 is preferred for analysis. In fact, as pointed out earlier, the differences between the phase functions of f w (t) and f s are so small that they can be ignored for the present purpose.
The quantity θ(t) can be reduced to the tilting angle of the shedding vortex. The procedures are illustrated below. In figure 9 (c), a local maximum θ value is found at t about 650 ms. The value read is 19
• . With Z = D and assuming that the This tilting angle is comparable to the inclination angles of the roll-up of the separated shear layer revealed by the smoke streaks in figures 3(a) and 3(b), and the findings by Gerrard (1966) . To be more specific, the characteristic wavelength of shedding vortices estimated above requires some discussion here. In the near-wake region, the convective speed of shedding vortices would be significantly lower than U 0 , and varying along the streamwise direction. Further downstream, the convection speed would probably reach a constant value. In Bloor & Gerrard (1966) and Davies (1976) , the convection speed four diameters downstream of a circular cylinder is about 0.8U 0 . Subsequently, assuming that the convection speed of shedding vortices is 0.8U 0 and following the procedures above, one would obtain a tilting angle 13.5
• . Since the shedding vortices could be strongly distorted in the spanwise direction (figure 3), the tilting angles mentioned above would merely depict the spatially averaged characteristic over a spanwise distance of D.
In data reduction, it was also verified that the time-averaged value of a θ(t) curve was very close to zero. Thus, one can say that the two-dimensional feature of shedding vortices is preserved in the time mean sense.
The • . Szepessy (1994) examined the phase drift of the vortex shedding signals versus the spanwise separation, where the phase drift was obtained according to the difference of zerocrossing time instants of the two signals measured at different spanwise locations. According to Szepessy (1994) , the phase differences were about 32.60
• and 50.40
• , for Z = D and 2D, respectively, which are somewhat higher than our findings above. Since the phase difference increases as the spanwise separation increases, it would reach 180
• at some spanwise separation. Blevins (1985) and Szepessy & Bearman (1992) observed such situations, see table 2 for details. Unfortunately, the present study only provides data of the spanwise phase difference for Z = D and 2D.
In figures shows that the histogram distribution is in good agreement with the Gaussian distribution curve. This finding supports the statement made by Szepessy (1994) , that the Gaussian distribution seems to fit well with the phase drift data when Z/D = 2 to 4. On the other hand, the histogram in figure 10 (a) has a narrower distribution compared to the Gaussian curve. • and 35
• are indeed noticeable, despite the events of | θ ext | < 5
• occupying more than 50% of the total.
A Fourier analysis was made with the θ(t) data obtained. The spectral distributions, called E(f θ ), are shown in figure 12 . In each spectrum, the horizontal axis indicates the Fourier frequency, non-dimensionalized by the mean vortex shedding frequency, f θ /f s . Figures 12(a) and 12(b) present the E(f θ ) curves corresponding to Z = D and 2D, respectively, at all the Reynolds numbers studied. All the spectra shown in figure 12 reveal the common feature that the fluctuations in the frequency lower than 0.1f s are predominant, implying that the variations in the θ(t) curve are dominated by the frequency components one order smaller than f s . This finding confirms the nature of low-frequency variations in the θ(t) curve. 4.5. Cross-correlation between θ(t) and A w (t) Figure 13 illustrates the cross-correlation analysis to examine the low-frequency variations embedded in θ(t) and A w (t). Figures 13(a) and 13(b) figure 13(d) , and the θ(t) curve is shown in figure 13 (e). In figures 13(d) and 13(e), the dashed line near t/T s = 100 indicates the coinciding of a local minimum in A w (t) and a local maximum in θ(t), whereas the dotted line near t/T s = 160 indicates another coinciding of a local minimum in A w (t) and a local minimum in θ(t). Similar coinciding can also be found at other time instants. These observations suggest that the correlation between the distinguished amplitude modulations and the notable phase differences, irrespective of whether they are positive or negative, could be meaningful.
The correlation coefficient between A w (t) for the signals S1 in figure 13(d) , and θ(t) in figure 13(e) was found to be less than 0.3. On the other hand, the correlation coefficient of A w (t) and | θ(t)| in figure 13(f ) was found to be −0.46, which appears to be much more significant. Figure 13 (g) presents the results of a time-lag correlation between A w (t) and | θ(t +τ )|, where τ denotes the lag time in the correlation, ranging from −120T s to 120T s . The thick and thin curves in the figure indicate the correlation results of | θ(t + τ )| with A w (t) of the hot-wire signals S1 and S2, respectively. Remarkably, the most significant correlation coefficients seen in the two curves occur at τ/T s = 0. This finding concurs with our intuitive thinking, that there would be no preferred phase lead or lag between | θ(t)| and A w (t), since the hot-wire signals were obtained at arbitrary spanwise points. As a counterpart of figure 13, figure 14(a) shows two A w (t) curves corresponding to the hot-wire signals S1 and S3, respectively; and figure 14(b) presents two θ(t) curves for S1-S2 and S1-S3, respectively. Figure 14 (c) compares two time-lag correlation curves of | θ(t + τ )| for S1-S2 and S1-S3, respectively, with A w (t) of the signal S1. Similar to figure 13(g), the two curves in figure 14(c) consistently show that the most significant correlation coefficients are ); (c) the f w (t) curves corresponding to the S1 and S2 signal traces; (d) the A w (t) curves corresponding to the S1 and S2 signal traces; (e) the θ (t) curve reduced from (c); (f ) the | θ | curve obtained from (e); (g) the time-lag correlation coefficients between | θ | and A w (t) of the S1 and S2 signal traces.
obtained at τ/T s = 0. The correlation coefficient between | θ(t + τ )| of S1-S3 and A w (t) of S1 at τ/T s = 0 is found to be −0.43. It is noted in figures 13 and 14 that the correlation coefficients of | θ(t + τ )| and A w (t) at τ/T s = 0 do not vary much between Z = D and 2D. Further confirmation of this observation is seen in figure 15 , in which the zero time-lag correlation coefficients between A w (t) and | θ(t)| at all the Reynolds numbers studied, for Z = D and 2D, are presented. The measurements were made with the hot wire S2 located at (X/D, Y/D, Z/D) = (1.0, 1.5, 0). In this figure, each of the data points indicates the value obtained by averaging over 30 sets of data, and an I-bar indicates the associated 95% confidence interval. Since the A w (t) and θ(t) curves feature low-frequency modulations, this figure strongly suggests that the low-frequency modulations correlate well in the range of Reynolds numbers studied, irrespective of whether Z = D or 2D. Norberg (2003) compiled results from quite a number of experimental studies on spanwise vortex shedding for flows over a circular cylinder, and found that the spanwise correlation length of shedding vortices ranges from 3D 
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(c) Figure 14 . (a) The A w (t) curves obtained from the S1 and S3 signal traces, at Re = 27 000; (b) the | θ | curves of S1-S2, and S1-S3, (c) the time-lag correlation distributions between | θ | of S1-S2 and A w (t) of the S1 signal trace, and between | θ | of S1-S3 and A w (t) of the S1 signal trace. S2 was at (X/D,Y/D,Z/D) = (1, 1.5, 0). A close look at the curves in figures 13(c-e) immediately shows that large θ values frequently occur when discrepancies between the f w (t) curves of S1 and S2 are discernible, for instance at the time around t/T s = 210. Referring to Williamson (1992) , Yang et al. (1993) , and Braza, Faghani & Persillon (2001) , the significant differences between the shedding frequencies measured at different spanwise locations can be associated with the passage of vortex dislocation. In figures 13(a) and 13(b), both hot-wire signals S1 and S2 show weak shedding cycles around t/T s = 210, for which the fluctuating amplitudes, A w (t), appear to be at low values. Norberg (2003) conjectured that the occurrence of vortex dislocation is associated with weak shedding periods. Henderson (1997) pointed out that the localized phase dislocations of vortex shedding were responsible for modulating the amplitude of fluctuating lift and drag, based on numerical results at Reynolds number 1000. Based on the present findings and the observations above, one can further argue that vortex dislocation, weak vortex shedding, and large spanwise phase difference probably occur concurrently in the process of vortex shedding.
Following the argument above, it is seen in figure 13 (c) that the vortex shedding frequencies of the hot-wire signals S1 and S2 appear to stay very close to each other most of time, except during the time intervals when the A w (t) values are low, when the discrepancies are notable. These local appearances could imply the occurrences of vortex dislocation. Moreover, these time intervals frequently coincide with the occurrence of large inclination angle θ seen in figure 13(e) , and thus are very likely associated with the development of the spanwise cells seen in figure 3 . Hence, one can say that figures 13 and 14 explain well the occurrence of unsteady, spanwise cellular structures in the near-wake region addressed in Szepessy & Bearman (1992) .
In summary, figures 13, 14 and 15 clarify that the three-dimensionality in shedding vortices is quite pronounced when the amplitude A w (t) appears to be small, at which the spanwise phase difference of vortex shedding appears to be rather large. This explains why the correlation coefficient of | θ(t)| and A w (t) is negative. Figure 15 shows that all the correlation coefficients obtained are about −0.4, irrespective of whether Z = D or 2D.
4.6. Unsteady, three-dimensional characteristics of flow in the near-wake region Referring to figures 16(a) and 16(b), two distinct situations concerning vortex formation in the near-wake region will be discussed in this section. In the figures, sketches are provided to assist in explanation. In each of the sketches, the thick solid line, indicating the smoke streak pattern in the corresponding photograph, is intended to highlight the extent of the vortex formation region; the dashed line indicates the streamwise extent of the vortex formation region, in a hypothetical situation, that would be uniform along the span. However, given the fact that a shedding vortex in the near-wake region can easily develop a three-dimensional appearance, one should keep in mind that the sketches and the photographs in figure 16 can only represent very limited aspects of vortex formation.
Comparing the photographs in figures 16(a) and 16(b), one immediately sees that the vortex formation length varies widely in streamwise extent. In figure 16(a) , the vortex formation length is comparatively long, and the vortex formation region appears to be rather uniform along the span. On the other hand, in figure 16(b) , the vortex formation length is comparatively short, and its streamwise extent region appears to be very irregular along the span. The characteristics associated with the two distinct vortex shedding situations, highlighted in figures 16(a) and 16(b), are further described below.
(i) Long formation region mode, called Mode L: As illustrated in figure 16 (a), the formation length is normally larger than 2D. From Miau et al. (1999 Miau et al. ( , 2003 , the base pressure measured in this situation is comparatively high. Moreover, figure 13(c) shows that the vortex shedding frequency obtained in this situation is comparatively low, whereas the fluctuating amplitude of the vortex shedding signals, A(t), appears to be rather high and the spanwise phase difference, θ(t), is low. (ii) Short formation region mode, called Mode S: As illustrated in figure 16 (b), the formation length is definitely shorter than 2D. Accordingly, the base pressure measured would be considerably lower, and the vortex shedding frequency comparatively higher than for Mode L, whereas the corresponding A(t) and θ(t) values are lower and higher, respectively.
From the descriptions above, the events of large | θ ext | values in figures 10 and 11 are likely to be described as Mode S. Also, the flow images in the photographs in figure 3 (b) can be described as Mode S, could be the vortex formation length shown can be as short as D. Clearly, as Mode S appears to be less stable, because of the lower base pressure (Miau et al. 2003) , the short vortex formation region, is apt to develop a three-dimensional appearance. On the other hand, referring to Bearman (1997) , the longer vortex formation length in Mode L gives the opportunity for more vorticity mixing and cancellation, and hence the condition of near constant circulation flux across the span is possible. Najjar & Balachandar (1998) performed a numerical study, and found that the vortex formation length varies with time at a fixed Reynolds number, 250. They also pointed out that the three-dimensionality of the wake behind a normal plate behaves in two distinct modes, namely a regime H corresponding to high mean drag and a regime L corresponding to low mean drag. In regime H, the shear layer rolls up closer to the plate to form coherent spanwise vortices and organized streamwise vortices. In regime L, the spanwise vortices form farther from the base, and are less coherent while the streamwise vortices are spatially distributed. The similarity between the findings of Najjar & Balachandar (1998) and the present study deserves some discussion here. The regime H of high mean drag looks similar to Mode S here, in that organized streamwise vortices are noted in both studies. On the other hand, there are some discrepancies between regime L of Najjar & Balachandar (1998) and Mode L here. According to the present flow visualization, in Mode L, the streamwise vortices are less pronounced and the shedding vortices appear to be quite coherent along the span. It should also be pointed out that the Reynolds number in Najjar & Balachandar's (1998) study, 250, is considerably lower than the present ones. Referring to Zdravkovich (1996) , the Reynolds number of Najjar & Balachandar (1998) falls in the transition-in-wake (TrW ) state, whereas the Reynolds numbers of the present study are in the transition-in-shear-layers (TrSL) state. According to Zdravkovich (1996) , the differences between the mechanisms of eddy shedding of TrW and TrSL states are that the former is related to the laminar wake instability and the latter to full growth and shedding of eddies. Unfortunately, no numerical results relevant to the Reynolds numbers in the TrSL state appear to be available in the literature.
From the standpoint of three-dimensional flow instabilities, Williamson (1996) stated that the natural wake transition follows the sequence (2-D→mode A→mode B) in the range of Reynolds numbers from less than 160 to 230. Briefly, mode A instability is associated with the inception of streamwise vortex loops, and mode B instability is associated with the finer-scale streamwise vortex pairs. Lin, Towfighi & Rockwell (1995) suggested a predominant role of a convective instability (Huerre & Monkewitz 1985) leading to large-scale vortex formation at Re = 10 3 , as opposed to a global instability (Barkley & Henderson 1996) of the near wake that gives rise to large-amplitude, self-sustained oscillations in the very near wake region as the Reynolds number increases to 10 4 . However, Norberg (2003) suggested that, up to Re = 5 × 10 3 , the transition to turbulence has its origin in the near-wake development of rib-like mode B vortices. To sum up, there could be a number of flow instability mechanisms coexisting in the present range of Reynolds numbers, leading to the three-dimensionality and low-frequency modulations in vortex shedding. Even when the Reynolds number is fixed, the effects of these instabilities would vary temporally to some degree, as revealed by the instantaneous flow behaviours reported in the forgoing sections. Further comments on the temporal characteristic of Modes L and S will be made in the following.
Burst events in the vortex shedding process
The histograms in figure 11 show that the probability associated with the events of θ ext larger than 20
• is noticeable, although small. Moreover, the flow visualization photographs in figure 3(b) show that the events of Mode S are probably involved with the development of the secondary vortices. In this section, physical aspects of these events will be further discussed. Statistically speaking, these events occupy only about 5% of the time. However, they are accompanied by strong development of secondary vortices, which conceivably is involved with the mechanism of vorticity stretching, leading to strong momentum mixing in a three-dimensional fashion. Hence, the events are called burst events here. One can argue that these events play the role of reducing the spanwise phase difference of vortex shedding to minimum, thus the vortex shedding process becomes Mode L.
In considering this moderating process, a quantity denoted τ θ , the time interval between two neighbouring zero-crossing points on a θ curve, is proposed to characterize a cycle of the variations of the vortex formation length. Two histograms of τ θ , normalized by T s , obtained at Re = 27 000, for Z = D and 2D, respectively, are shown in figure 17 . Note that the θ(t) data employed for analysis are identical to those in figure 10. Because events of τ θ /T s > 20 occupy less than 0.4% of the total, they are ignored. The probability in the range within 10 < τ θ /T s < 20 is noticeable, despite the major portion of the events falling in the region of τ θ /T s < 10. In order to learn more about the characteristics of τ θ /T s , figure 18 presents a distribution of θ ext versus τ θ /T s . Although the data points in figure 18 appear to somewhat scattered, it is easy to recognize the trend that the data points follow a positive slop, which can be fitted by the linear curve shown. Namely, the larger the spanwise phase difference of vortex shedding, the more time is needed to recover to in-phase shedding. The dashed line indicating θ ext = 20
• in the figure divides the data points into two regions. The histograms in figures 10 and 11 show that θ ext = 20
• seems to be a good choice to differentiate two regions of small and large values of θ ext , namely, the situations of Modes L and S, respectively. Figure 18 suggests that the τ θ values in Mode S fall in the range 10T s to 20T s . At the same time, Szepessy (1994) found that the time scale corresponding to the pronounced oscillations in the short-time correlation between two signals obtained for Z = D and 2D are 10 to 20 times the vortex shedding periods. The abrupt, steep drops in the short-time correlation trace described by Szepessy (1994) very likely correspond to the burst events of Mode S mentioned above.
In summary, the burst events of Mode S feature large spanwise phase differences in vortex shedding. The events are involved with the development of secondary vortices promoting momentum mixing, and lead to a moderation of spanwise phase difference to produce Mode L. The duration of this process is 10T s to 20T s . It should be noted that the development of the secondary vortices clearly causes the three-dimensional distortion of shedding vortices, thus the effects of vorticity tilting and stretching should come into play in the dynamical process; this is not pursued further in this study.
In their numerical studies, Najjar & Balachandar (1998) pointed out that the lowfrequency unsteadiness appears to be asymmetric, resulting in a relatively longer duration of low-mean drag, separated by comparatively shorter duration of intense vortex shedding and high mean drag. The duration of high mean drag is similar to Mode S described above, although the Reynolds numbers of these two studies are very different. The numerical results of Henderson (1997) at a Reynolds number of 10 3 showed that the dislocation of vortical structures appears intermittently in time and randomly in the spanwise direction. Unfortunately, Najjar & Balachandar (1998) and Henderson (1997) did not provide quantitative information on the time duration of these strongly three-dimensional events.
The term 'burst' is used in a number of reports on the vortex shedding phenomenon as summarized in Table 3 . A survey on the term 'burst' appearing in studies on the vortex shedding process. not identical to the present study. Roshko (1993) quoted the experimental lift and drag histories of a bluff plate at Reynolds number 6×10 3 measured by Lisoski (1993) , and remarked that the fluctuations of lift and drag appear in bursts, which bear a similarity to the results of Henderson (1997) . Blevins (1985) and Norberg (1989) referred to events of large amplitude in the vortex shedding signals as bursts. Bloor (1964) related bursts to transition waves detected. In the present study, the burst events refer to situations when Mode S takes place, for which the vortex formation length appears to be short, and the development of a separated shear layer is strongly involved with secondary vortices. This process is named a burst is because of its infrequent occurrence in vortex shedding, occupying only about 5% of the total time; when it does occur, strong three-dimensional mixing associated with the secondary vortices is anticipated. Clearly, these events are an important feature of the unsteady, three-dimensional flow in the near-wake region.
Conclusions
The experimental efforts reported above were aimed at gaining a better understanding of the instantaneous behaviour of the unsteady, three-dimensional flow in the near-wake region. Velocity measurements obtained simultaneously at three spanwise points allowed the linkage between the spanwise phase differences of shedding vortices and low-frequency modulations embedded in the vortex shedding signals to be examined. An important finding is that the vortex shedding process consists of a string of burst events occuring sporadically in time, during which the three-dimensionality of shedding vortex appears to be very pronounced, involved with strong development of secondary vortices. When these events take place, the vortex formation length is significantly reduced, referred to as Mode S. Apart from the occurrence of these events, the vortex shedding process features a longer vortex formation length, referred to as Mode L, for which the three-dimensional appearance of shedding vortices is less pronounced.
The specific findings relevant to these flow characteristic are summarized below.
(i) The events of | θ ext | larger than 20
• , referred to as Mode S, occur in less than 5% of the total time measured. These events are termed 'burst' events in the vortex shedding process. The time scale associated with the burst events is 10T s to 20T s , comparable to the characteristic time scale of low-frequency modulations seen in the vortex shedding signals measured.
(ii) The cross-correlation between the spanwise phase difference, | θ(t)|, and the fluctuating amplitude of the instantaneous vortex shedding frequency, A w (t), is very significant, irrespective of whether Z = D or 2D. The correlation coefficients obtained are about −0.4. This finding confirms that when | θ(t)| is large, i.e. in the situation of Mode S, A w (t)is likely to be small. Such an event is referred to as weak shedding in the literature, and is probably associated with the development of vortex dislocation.
(iii) The | θ(t)| histograms show that most of the values fall in the range of 0 to 35
• , irrespective of whether Z = D or 2D and the Reynolds numbers studied. The | θ(t)| histograms of Z = 2D appear to be similar to a Gaussian distribution; on the other hand, the | θ(t)| histograms of Z = D show a narrower distribution.
(iv) The spectral distributions of θ(t) show a sharp decrease as the frequency becomes larger than 0.1f s , which is the same as the characteristic behaviour of low-frequency modulations in the vortex shedding signals.
The present efforts have lead to an important finding concerning the events of Mode S in the vortex shedding process. However, the dynamical aspects of these events are not well-understood yet. For instance, the burst events, which are involved with the development of secondary vortices, require further study to explore the effects of vorticity stretching and tilting. The transition process between the Modes L and S, which was not considered in the present study, deserves a careful look.
To gain further insight into the instantaneous, three-dimensional behaviour of this wake flow, one might consider employing other relevant measurement techniques, for instance the PIV technique, which would enable one to obtain quantitative information on the vortex formation length in the instantaneous sense. To study the inception of the three-dimensionality of the separated shear layer, one might consider employing some miniature sensors suitable for probing the flow characteristics in the vicinity of the sharp edge of the normal plate.
